Hydrogenated TiNi alloy were investigated by X-ray diffraction and the Rietveld refinements from the view of transformation behavior. Small expansion of lattice constants indicated that hydrogen atoms located at interstitial sites in parent and martensite phases were small amount. The refinements also indicated that the amount of hydride TiNi(H) was approximately 0.1%, which was small. These refinements and optical microscopic observations indicated most of hydrogen atoms were located around grain boundaries or martensite variant boundaries. DSC measurements showed that hydrogenated TiNi displayed multiple-stage transformation behavior and thus hydrogen atoms around grain boundaries may cause mutiple-stage behavior of the transformation.
Introduction
TiNi is useful shape memory alloy and the transformation behavior is important factor for the practical use. Near equiatomic composition TiNi alloy with certain heat treatment shows multiple-stage transformation behavior. Several researchers studied the origin of the multiple-stage transformation. Zhu and Gotthardt 1) proposed vacancies-ordering model for the phenomenon. Stroz et al. 2) suggested some specific arrangements of dislocations hinder the martensitic transformation in certain areas. Liu and Favier 3) discussed the above precisely and gave negative conclusion to both of them.
Investigations of the effect of hydrogen on martensitic transformation have been done by several authors. Some of them were studied from hydrogen storage materials point of view. In the present study, hydrogen was charged to see an effect on the transformation and the multiple-stage transformation was observed.
Experimental
The composition of the sample was Ti-50 at%Ni sheet with 1 mm thick, which was prepared by Furukawa Electric Co. Ltd. The sheet was cut into approximately 1 mm width and 20 mm long stick-like shape. They were heat treated at 1223 K for 1 h and quenched into ice water. After mechanical-polished, they were electro-polished using solution of HClO 4 : CH 3 COOH = 1 : 1. For X-ray diffraction experiments, samples of needle-shape with approximately 100 µm in diameter were obtained in electro-polishing process, whose shape was suitable for the measurements. The needle-shape samples were hydrogenated for 3 h by electochemical process using solution of 30 g NaCl + 3 g NH 4 SCN in 1 litter. Current density was 0.6 mA/mm 2 . Plate-like samples were also prepared for DSC measurements and optical microscopic observations. * Graduate Student, Interdisciplinary graduate school of science and engineering, Shimane University.
X-ray diffraction experiments were performed with wavelength 0.05 nm at beam line BL02B2 4) in synchrotron radiation facility SPring-8. Hydrogenated samples and without hydrogenated samples were measured at various temperatures. N 2 gas flow high temperature system was used for high temperature experiments.
DSC measurements and optical microscopic observations were also performed with hydrogenated and without hydrogenated samples.
Results and Analysis
Figure 1(a) shows optical microscopic view of TiNi, which was not hydrogenated. It shows smooth surface. When the sample was hydrogenated, the surface of the sample became rough showing grain boundaries in which stripes aligned as shown in Fig. 1(b) . Figure 2 shows the result of DSC measurements. Transformation temperatures of the sample without hydrogenated were Ms = 314.1 and Mf = 300.0 and As = 325.3 and Af = 348.3 K. They showed single transformation behavior. On the other hand, transformation behavior of hydrogenated sample displayed multiple-stage transformation shown. Transformation temperatures were Ms = 312.2 and Mf = 281.7 and As = 310.5 and Af = 353.0 K. Figure 3 shows observed diffraction pattern, calculated and difference patterns of hydrogenated sample measured at 340 K, which was refined with the Rietveld method. The advantage of the Rietveld method is that the volume fraction is obtained through the analysis. Three phases were included in the refinements; that is, parent, martensite 5) and hydride. 6, 7) The final R factors were R p = 0.05, R wp = 0.076, R p = 0.077, R I = 0.08, R F = 0.061. Analyses at other temperatures and samples showed similar R factors and some of them are listed in Table 1 and Table 2 . 
Discussion
Refined lattice parameters of parent phase are listed in Table 1 and those of martensite phase are listed in Table 2 . Lattice constants of hydrogenated parent and martensite phases are larger than those of without hydrogenated ones. Those expansions of lattice constants indicate hydrogen atoms are situated at interstitial sites of parent phase and martensite phase. Lattice constant of TiNi parent phase was refined 0.30221 nm and that of present hydrogenated sample was 0.3072 nm. Considering radii of H, Ti and Ni atoms, approximately 2% hydrogen atoms were included at interstitial sites of parent phase. Combining above consideration of lattice constant and hydrogen charging condition (current and time) gave us an idea that present lattice expansion was not sufficient for interpreting all hydrogen atoms occupied at interstitial sites.
The lattice constant of de-hydrogenated parent phase is shown and compared in Table 1 , whose value was obtained using the same sample heated up to 999 K and cooled down to 390 K in the course of high temperature experiment. This process removed hydrogen from TiNi system. The lattice constant of 'heated-up sample' was smaller than the one without hydrogenated. Possible reason of this smaller lattice constant is that defects in the crystal were removed and lattice constants averaged for whole crystal looked smaller. Another possible reason may be that other gases were also removed in the heat-up treatment.
FWHM of parent and martensite phases were refined and listed in Table 1 and Table 2 . That of hydrogenated sample is little bit larger than that of without hydrogenated one, which means that quality of the crystal became worse through hydrogenation. Small amount of broadening in FWHM may be consistent with small lattice expansions; that is, small amount of hydrogen atoms penetrated at interstitial sites of parent phase. Figure 4 shows diffraction pattern of hydrogenated sample measured at 360 K, which was higher than Af. In spite of above Af, peaks of martensite still remained around 110 of parent phase. Reflections from martensite phase were indicated by arrows in the figure. Volume fraction of martensite in this figure is 8.5%. Although peak from precipitate Ti 2 Ni is also identified and marked * in the figure, volume fraction of the precipitate was estimated less than 0.1%. Strong intensity of synchrotron radiation made it possible to observe such small amount of precipitate. 
Without hydrogenated R wp = 0.086 a = 0.30221 ± 0.00001 0.075 ± 0.001 R p = 0.095 measured at 390 K R I = 0.106 R F = 0.108 Table 2 Lattice constants and FWHM of martensite phase.
Lattice constants (nm) Volume fractions of parent, martensite and hydride TiNi(H) were obtained from refined scale factor. Volume fraction of parent phase against temperatures is shown in Fig. 5 . Even above Af temperature, 360 K, in DSC measurement, complete parent phase was not obtained in hydrogenated sample from diffraction pattern. 8.5% of the volume was left as martensite phase as mentioned above. Crystal structure of TiNi system hydride was proposed by several researchers. Hydride was included in the refinements and the volume fraction of hydride was 0.1%. Judging from small fraction of hydride TiNi(H), hydrogen atoms are located at interstitial site of parent phase and martensite phase. Hydrogen atoms at octahedral site in parent phase were assumed and structure refinements were tried. However, significant improvement of R factors was not obtained because of small atomic scattering factors of hydrogen. Soubeyroux 7) et al. mentioned that when they had X-ray diffraction experiments, they measured parent and hydride almost equally, though, when they had neutron diffraction experiments, they found just 5% hydride. They reported that the discrepancy came from the absorption coefficient and just the surfaces of grains were hydrogenated. In this experiments, we used sample of 100 µm diameter. The wavelength of Xray was 0.05 nm, and its inverse of linear absorption coefficient (1/µm) is 117.2 µm. It is consistent that small amount of hydride was formed in TiNi prepared by electro-chemical method.
R phase, which appears prior to the martensitic transformation in TiNi(Fe) or hydrogenated samples 8) were not identified in this experiments.
Judging from refined lattice constants and FWHM, most of hydrogen atoms were located at 'other places' rather than interstitial sites of parent or martensite phases. Probable candidates of 'other place' may be grain boundary, variants boundary of martensite, defects around dislocations. Optical microscopic observations after hydrogenated showed clearer grain boundaries as in Fig. 1(b) . Striped pattern in the grains may correspond to variant boundary of martensites. Those changes in optical microscopic view must be produced by the penetration of hydrogen atoms in grain boundaries and variant boundaries. Those penetrated hydrogen atoms may assist the transformation in some region and may suppress the transformation in some region. Thus, the multiple-stage behavior of the transformation may be observed.
